The self-organizing properties of nematic liquid crystals ͑LCs͒ can be used to align carbon nanotubes ͑CNTs͒ dispersed in them. In the previous paper ͓P. van der Schoot, V. Popa-Nita, and S. Kralj, J. Phys. Chem. B 112, 4512 ͑2008͔͒, we have considered the weak anchoring limit of the nematic LC molecules at the nanotube's surface, where the CNT alignment is caused by the anisotropic interfacial tension of the nanotubes in the nematic host fluid. In this paper, we present the theoretical results obtained for strong enough anchoring at the CNT-LC interface for which the nematic ordering around nanotube is apparently distorted. Consequently, relatively strong long-range and anisotropic interactions can emerge within the system. In order to get insight into the impact of LC ordering on the alignment of nanotubes we treat the two mixture components on the same footing and combine Landau-de Gennes free energy for the thermotropic ordering of the liquid crystal and Doi free energy for lyotropic nematic ordering of carbon nanotubes caused by their mutually excluded volume. The phase ordering of the binary mixture is analyzed as a function of the volume fraction of the carbon nanotubes, the strength of coupling, and the temperature. We find that the degree of ordering of the nanorods can be tuned by raising or lowering the temperature or by increasing or decreasing their concentration.
I. INTRODUCTION
Recently it has been demonstrated that liquid crystal ͑LC͒ alignment could trigger spontaneous ordering of carbon nanotubes ͑CNTs͒ with remarkably high degree of ordering. [1] [2] [3] CNTs orient parallel to average direction of LC alignment with an orientational order parameter between 0.6 and 0.9. [4] [5] [6] [7] Both thermotropic 4, 5, 7 and lyotropic nematic LC phases 6 have been successfully applied as CNT-aligning solvents. Due to their inherent softness the orientation of a LC template can be relatively easily controlled by confining walls, 8, 9 by immersed particles, 10, 11 or by using external electric or magnetic fields. 12 Theoretically, equilibrium orientation of a single elongated particle immersed in a nematic LC phase is rather well explored. [13] [14] [15] [16] [17] [18] Continuum theory in the nematic director field n ជ representation predicts alignment of the particle's longer axis along n ជ for different types of boundary conditions in the strong anchoring limit. [13] [14] [15] In the weak anchoring limit, a rodlike particle may orient either along or perpendicular to the nematic director depending on the boundary conditions. 14 Collective behavior of anisotropic nanoparticles dispersed in LCs is theoretically relatively weakly explored. From a theoretical point of view, CNTs can be considered as needlelike objects having a very large aspect ratio. The steric theory for the electrostatic repulsion of long rigid rods has been used to investigate the single-walled nanotubes ͑SWNTs͒ phase behavior in their suspensions. 19 Calculations have shown that SWNT in a good solvent is analogous to the classic rigid-rod system if the van der Waals force between CNTs is overcome by strong repulsive inter-rods potentials. When the solvent is not good, the van der Waals attractive interactions between the rods are still strong and as a result, only extremely dilute solutions of SWNTs are thermodynamically stable and no LC phases form at room temperature. The liquid crystallinity of CNTs with and without van der Waals interactions has been analyzed by using the density functional theory. 20 In the presence of van der Waals interaction, the nematic as well as the columnar phases occur in the temperature-packing fraction phase diagram in a wide range of very high temperatures. In the absence of van der Waals interaction, the system is dominated only by steric repulsive interactions. With an increase in packing fraction, the system undergoes an isotropic-nematic phase transition via a biphasic region. The isotropic-nematic packing fraction decreases with the increase in the aspect ratio of CNTs. The main conclusion of these theoretical models is that to obtain LC phases of CNTs at room temperature, the strong van der Waals interaction between them must be screened out. This requires a good solvent with an ability to disperse CNTs down to the level of individual tube.
In a previous paper, 21 we presented a phenomenological theory for predicting the alignment of CNTs dispersions in thermotropic nematic LCs in the weak anchoring limit. The interaction between CNTs and LC molecules is thought to be sufficiently weak to not cause any director field deformations in the nematic host fluid. We have analyzed the phase order-ing of the binary mixture as a function of the volume fraction of CNTs, the strength of the coupling, and the temperature.
In the present paper we extend the model, modifying the interaction term to include intermediate and strong anchoring regimes. Our model suggests that the strength of the coupling term strongly depends on the diameter of CNT and weakly dependent on its length. We explore phase behavior of the LC-CNT mixture as a function of concentration of CNTs, temperature, and the LC-CNT coupling strength. The remainder of this paper is organized as follows. In Sec. II we present our model. Results are presented in Sec. III and discussed in Sec. IV. Some derivation details are presented in the Appendix.
II. MODEL
In this section we introduce our phenomenological model of the CNT-LC mixture with which orientational ordering of CNTs and LC molecules is described at continuum level. We focus on behavior of the system as a function of volume fraction of CNT, temperature T, and the coupling strength between LC molecules and CNT. We define material and geometrical parameters for which detailed calculations are carried out.
A. Free energy
The free energy per unit volume of the mixture consists of four contributions
where f mix is the free energy density of isotropic mixing for CNTs and LC, f CNT describes the contribution of CNT dispersed in a fluid, f LC represents the free energy density of nematic LC order, and f C takes into account the coupling between LC and CNT, respectively. In the following we present the structure of these terms, where particular attention is paid to the coupling term. According to the Flory theory, 22 the first term in Eq. ͑1͒ is given by
where k B is the Boltzmann constant, T is the absolute temperature, is the volume fraction of CNT, 1 − is the volume fraction of LC, and ϵ U 0 / k B T is the Flory-Huggins interaction parameter related to the isotropic interaction between CNT and LC. 22 In the following, we assume Ͼ 0 ͑positive free energy of mixing͒, this being the most usual case, at least when van der Waals interactions are dominant. Here CNT Ϸ͑ / 4͒LD 2 approximates volume occupied by a CNT of length L and diameter D. The volume of a LC molecule of length l and diameter d is given by LC Ϸ͑ / 4͒ld 2 . In the following, we consider that the volume of a LC molecule is equal to the volume of a cell in the Flory lattice 22 ͑ LC = 0 ͒. The first two terms in Eq. ͑2͒ represent the entropy of isotropic mixing of LC and CNT components neglecting their orientational degree of ordering.
The free energy density representative of the excluded volume effects responsible for the first order nematicisotropic transition of CNT is expressed as 23, 24 
͑3͒
Equation ͑3͒ is obtained starting from the Onsager theory 25 and using the Smoluchovsky equation. 23, 24 The nematic potential u is related to the volume fraction of CNT by the relation u = L / D. We mention that in this form, the model neglects the van der Waals attractions between CNTs which are responsible for their tendency to form bundles. The degree of orientational ordering of CNT is given by the order parameter S CNT . Perfectly aligned CNT correspond to S CNT = 1 and isotropic ordering is signaled by S CNT =0. On increasing , this term enforces the first order orientational phase transition of CNT from the isotropic phase of CNT with S CNT = 0, to the nematic phase of CNT phase with 
where ͑1−͒ accounts for the part of the volume not taken up by LC. In this description we neglect biaxial states. 27, 28 The quantities T ‫ء‬ ͑the undercooling limit temperature of the isotropic phase of the pure LC͒, a, B, and C are materialdependent constants. This free energy density enforces the weakly first order phase transition from the isotropic phase to the nematic phase of LC. At T = T NI = T ‫ء‬ + B 2 / ͑24aC͒, the two phases of LC-nematic ͑S nem 0 = B / 6C͒ and isotropic ͑S iso =0͒-coexist in equilibrium. In what follows we shall introduce the reduced temperature = ͑T − T ‫ء‬ ͒ / ͑T NI − T ‫ء‬ ͒, where NI = 1 and ‫ء‬ =0. To derive an effective expression for the coupling free energy density f C we originate from the problem of one anisotropic particle ͑assumed to have a form of a circular cylinder with the length L and the radius R Ӷ L͒ immersed in a nematic LC phase. The relevant dimensionless parameter is the ratio [13] [14] [15] = R/d e . ͑5͒
Here d e = K / W is the surface extrapolation length and K is an average Frank elastic constant. 26 Depending on the value of , three regimes could be defined. First, if the radius of the particle is small R Ӷ d e ͑ Ӷ 1͒, one would presume the anchoring to be so weak as to not be able to produce large deformations in the surrounding nematic matrix. Second, when R Ͼ d e ͑ Ͼ 1͒, the particle causes the nematic director field distortions without any defects appearing yet ͑so called weak coupling regime 29 for a colloid particle suspended in a nematic LC͒. This second regime will be called intermediate anchoring regime in our paper. Third, for R ӷ d e ͑ ӷ 1͒, rigid anchoring can be assumed to hold and topological singularities result from this, giving rise to a strong interaction between the dispersed particles. 18 In the Appendix it is shown that the last two regimes are qualitatively equivalent in the framework of the mesoscopic model used in the present paper. Thus, the value ϳ 1 corresponds to the "transition" between the weak and strong anchoring regimes.
For values of the elastic constant K Ϸ 10 −11 N and anchoring energy W Ϸ 10 −6 N / m usually taken as typical for nematic LC, the surface extrapolation length d e should be vastly in excess of a micron. Because the radius of CNTs as at or below the micron scale, this implies that R Ӷ d e and only the weak anchoring limit needs to be considered. This observation constituted the basis of our study in the previous paper. 21 However, this criterion becomes ambiguous considering the following two observations:
The dependence of on the orientational order parameter of the nematic phase in the vicinity of the nematic-isotropic phase transition. Both the elastic constant K and anchoring energy W vanish at S LC → 0, but with different rates: K ϳ S LC 2 , while W ϳ wS LC . Therefore in the vicinity of the nematicisotropic phase transition temperature, = RW / K ϰ 1 / S LC can be very large. ͑ii͒ Usually in the experiments, 1-3 the surfaces of the CNTs are chemically treated to enhance their solubility in LC. In this case, the anchoring energy W could be much larger leading to much larger values of .
As a consequence it is necessary to extend our previous study to the strong anchoring regime.
The free energy cost ⌬F due to director field distortions surrounding the particle depends on the type of the anchoring as well as on the angle between the particle main axis ជ and the unperturbed nematic director n ជ 0 ͑the direction of alignment of LC molecules far enough from the particle͒. For strong anchoring, in the case of homeotropic alignment, the free energies for perpendicular and parallel alignment of ជ and n ជ 0 are given by
ͪ.
͑7͒
For Ͼ 1 it holds ⌬F ʈ Ͻ⌬F Ќ . Unfortunately, the analytical derivation of the expression for ⌬F͑͒ is hardly possible due to the loss of symmetry of the director distribution at arbitrary . Burylov and Raikher 15 have shown that the angular dependence of F is as simple as
Recent measurements on the alignment of multiwalled nanotubes ͑MWNTs͒ in the LC 5CB ͑Ref. 4͒ as well as the results of dynamic field theory 18 bear out this functional form.
We assume that Eqs. ͑6͒-͑8͒ hold true for CNT of our interest, average the free energy of the test rod over angles , ignore the logarithmic divergence, and obtain
where P 2 ͑x͒ = ͑3x 2 −1͒ / 2 is the second order Legendre polynomial, S CNT = ͗P 2 ͑cos 2 ͒͘, and ͗ ...͘ denotes the averaging. It roughly holds K ϳ kS LC 2 , where k is a constant. We further sum contributions of N CNT nanotubes within the volume V, take into account relationship = N CNT CNT / V, and obtain the following estimate for the coupling free energy density term:
The factor ͑1−͒ in front of the interaction free energy measures the local proportion of the nematic solvent in the mixture. It can be justified by the fact that not the entire surface of a test rod is covered by LC molecules because it is in contact with other rods present in the solution. The fraction of rod's surface covered by LC molecules within a meanfield approximation would arguably be ͑1−͒. 30 The parameter
describes the coupling strength between LC and CNT. Therefore, our estimate suggests that the coupling parameter depends only on the width of the CNTs, and not on their length. Thin CNTs are more strongly influenced by the nematic host fluid than thicker ones. Depending on the values of widths of CNTs, we find that the coupling parameter can range widely in the range from, say, 10 3 to 10 7 N / m 2 . The effect of the term ␥͑1−͒S LC 2 in Eq. ͑10͒ is to drive out the CNTs from the nematic phase of LC. Here we consider that this effect is not strong enough and we neglect this term. Finally, the coupling free energy density ͓Eq. ͑10͔͒ must contain a saturation term ensuring S CNT → 1 in the limit of large coupling ␥ → ϱ. Therefore, the coupling free energy density can be written as
which shows that the nematic phase of the background LC acts like a temperature dependent external field on CNTs.
Using Eqs. ͑3͒, ͑4͒, and ͑12͒, the total free energy density of our approach reads where R = CNT / LC ϳ LD 2 / ld 2 is the ratio of molecular volumes. In the Appendix, we show that taking into account additional LC elastic distortions ͑due to interaction between CNT or presence of topological defects͒ does not introduce essential qualitative changes into our model.
B. Characteristic geometrical and material parameters
In
5 J m −3 , and K ϳ 10 −11 N. 31, 32 This choice yields S nem 0 Ϸ 0.28 and T NI = T ‫ء‬ + B 2 / 24aC Ϸ 307.5 K.
III. PHASE BEHAVIOR
Our interest is to understand phase behavior of the mixture of CNT and LC as a function of temperature, volume fraction of CNT, and coupling strength ␥ between CNT and LC using the phenomenological free energy Eq. ͑13͒. We first estimate equilibrium density of CNT which LC solvent can accept. We proceed by studying phase behavior of CNT at relatively high temperatures where LC exhibits isotropic phase. Finally we consider behavior of CNTs in the nematic phase of LC.
A. Solubility of CNT
In order to estimate concentrations of CNT which are well soluble in LC solvent 30 we consider the chemical potential CNT of CNT in the CNT-LC mixture
Here x = N CNT / ͑N CNT + N LC ͒ stands for the mole fraction of CNT, CNT ͑1͒ is the chemical potential in the solid phase, and F b stands for a typical binding energy of a CNT with its surrounding. In a diluted solution we obtain x ϳ N CNT / N LC ϳ CNT / LC . We further assume that the chemical potential in diluted and solid CNT state are comparable. In other words, the LC environment does not affect CNTs much and consequently the system does not possess phase separation tendency. The condition CNT ͑x͒ϳ CNT ͑1͒ implies k B T ln x + F b ϳ 0, yielding
One sees that for a higher value of the ratio CNT / LC , LC solvent can accept larger volume concentration of CNT. Furthermore, the nematic LC phase accepts lower concentration of CNT in comparison with the isotropic phase because of relatively larger value of F b in the latter phase.
B. Dispersion of CNTs in the isotropic phase of LC
In this case, S LC = 0 and the free energy density ͓Eq. ͑13͔͒ becomes
The equilibrium between the isotropic ͑S CNT =0͒ and the nematic phase ͑S CNT Ͼ 0͒ of CNTs is determined by equating the chemical potentials of CNTs ͑ CNT = CNT ͓f + ͑1 − ͒ ‫ץ‬ f / ‫͔͒ץ‬ and LC ͓ LC = LC ͑f − ‫ץ‬ f / ‫͔͒ץ‬ in the two phases. The value of S CNT is obtained by minimizing the free energy with respect to S CNT .
In the absence of the isotropic interaction term ͑ =0͒, for our set of geometric parameters ͑i.e., R =2ϫ 10 3 , L / D = 200͒ the nematic-isotropic coexistence is determined by the following values of parameters: ͕ iso = 0.013 487, S CNT =0͖ and ͕ nem = 0.013 513, S CNT = 0.3365͖, and, correspondingly the relative variation in volume fraction of CNTs at the transition ͑the Flory chimney͒ is about 0.19%. The phase gap in this condition is very narrow indeed less than the 1% predicted by Onsager 25 and Flory 33 for monodisperse lyotropic LC. On the basis of the polarized light microscopy, Song and Windle 34 have estimated a biphasic range between 1% and 4% in an aqueous dispersion of MWNTs. This comparatively large range of the biphasic region is plausibly caused by the polidispersity in terms of length, diameter, and straightness of the nanotubes, as well as the possibility of segregation of the more nematogenic tubes.
In Fig. 1 , we have plotted the relative variation in the volume fraction of the CNTs at the nematic-isotropic phase transition as a function of the isotropic interaction parameter .
Because the isotropic interaction parameter is proportional with reciprocal temperature ͑here we did not consider this dependence͒, the volume fraction gap at the transition increases with lowering the temperature; the poor solvent for CNTs becomes poorer lowering the temperature. For values of larger than Ϸ0.4, the relative variation in the volume fraction at the transition increases considerably with the value of . The predicted value of ⌬ / iso = 1% is obtained for = 0.42.
C. Dispersion of CNTs in the nematic phase of LC
Now, we consider ordering of CNT in the nematic phase of LC. The free energy density is given now by the general form ͑13͒.
Tricritical point
For very small values of the coupling parameter ␥, the nematic-isotropic phase transition of the CNTs is first order and the order parameter jumps at the transition from zero to some nonzero value depending on the value of ␥. With increasing ␥ the transition becomes continuous at a tricritical value ␥ c . The tricritical point where the discontinuous phase transition becomes continuous is obtained by solving the equations ‫ץ‬ 2 f / ‫ץ‬S LC 2 = ‫ץ‬ 3 f / ‫ץ‬S LC 3 = 0. They yield at the tricritical point universal values for the order parameter S CNT ͑c͒ =1/ 6 and volume fraction c = 2.592/ L = 0.012 96. The tricritical value of the coupling parameter ␥ c as a function of the reduced temperature is presented in Fig. 2 .
With decreasing the temperature, as S LC increases, the external field felt by the CNTs increases and the nematicisotropic phase transition of CNTs becomes continuous for increasingly lower values of interaction parameter ␥. Our estimate of the coupling constant given by Eq. ͑11͒ suggests that for typical value of parameters, ␥ ӷ ␥ c , meaning that in the nematic phase of LC, the nematic-isotropic phase transition of CNTs becomes a continuous transition.
To illustrate how, in the limit of low values of coupling parameter, the isotropic-nematic phase transition of the CNTs is affected by the nematic host fluid, the phase diagram of the coexisting volume fractions as a function of the coupling parameter is plotted in Fig. 3 .
In Fig. 3 , the binodal is presented for a reduced temperature = 0 that corresponds to the undercooling limit temperature of the isotropic phase of pure LC. The gap of the volume fraction decreases with increasing the coupling constant and becomes zero for ␥ = ␥ t = 189 N / m 2 . The isotropic-nematic phase transition of CNTs takes place at lower volume fraction with increasing the coupling constant. For ␥ Ͼ ␥ t ͑as it results from our estimate͒, the isotropic-nematic phase transition of CNTs becomes continuous.
Homogeneous mixture
One of the most challenging tasks for realizing the applications in optoelectronics is to homogeneously disperse the CNTs into the nematic host, as CNTs have a tendency to aggregate into networks and fibrils ͑MWNTs͒ within the dispersion due to the van der Waals interactions between the nanotubes. The three different standard approaches to obtain the homogeneous dispersion are reviewed in. 2, 3 To calculate the phase diagram of a homogeneous mixture, we use the free energy density given by Eq. ͑13͒ with a constant volume fraction of the CNTs. The equilibrium values of the order parameters S CNT and S LC are obtained by minimizing the free energy density ͑‫ץ‬f / ‫ץ‬S CNT = ‫ץ‬f / ‫ץ‬S LC =0͒. The corresponding phase diagram ͑ , ͒ for ␥ = 6.6 ϫ 10 5 N / m 2 is plotted in Fig. 4 . Three different regions are to be distinguished. Region I corresponds to a total absence of the orientational order ͑both components are in the isotropic phase͒, region II corresponds to a nematic phase of CNT and an isotropic phase of LC, while in the region III both components are in the nematic phase. The vertical line defines a first order isotropic ͑region I͒ nematic ͑region II͒ phase transition of the CNTs in the isotropic phase of LC. The first segment ͑ Յ 0.0135͒ of the 
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oblique line corresponds to the first order isotropic-nematic phase transition of CNTs as well as to the first order isotropic-nematic phase transition of LC. The second segment ͑ Ն 0.0135͒ corresponds to the first order isotropicnematic phase transition of the LC and to a first order nematic-nematic phase transition of the CNTs ͑in region II, the degree of orientational order of CNTs is lower than that of region III and in passing from region II to region III, there is a jump of the CNTs order parameter͒. The circle defines the triple point of the system that has the coordinates t = 0.0135, t = 1.06. We mention that the increase in the isotropic-nematic phase transition temperature of LC with the volume fraction of CNTs is verifiably experimentally 7, 35 and could be explained by the fact that the CNTs act as heterogeneous nucleation agents for LCs. We mention that for the lower values of the coupling constant, the phase diagram is very similar, the transition between regions I and II ͑the vertical line in Fig. 4͒ remains unchanged ͑the isotropicnematic phase transition of CNTs in the isotropic phase of LC does not depend on the coupling constant͒, the only change being that the increase in the isotropic-nematic phase transition temperature of LC with the volume fraction of CNTs is lower. To see in more detail the characteristics of these phase transition, we plot in Fig. 5 the order parameters profiles as a function of reduced temperature for a fixed value of the coupling constant.
In Fig. 5͑a͒ , the order parameters profiles are shown for a fixed volume fraction = 0.01 corresponding to the transition from region I to III in Fig. 4 , while the same profiles are plotted in Fig. 5͑b͒ , for a fixed volume fraction = 0.03 corresponding to the transition from region II to III in Fig. 4 . In both cases, below the transition ͑in region III͒ the CNTs are almost perfectly aligned in the nematic phase of LC. Above the phase transition temperature, in the first case ͓Fig. 5͑a͒; Ͻ 0.0135͒ the CNTs are in the isotropic phase, while in the second case ͓Fig. 5͑b͒; Ͼ 0.0135͔ the CNTs have an important degree of orientational order, but less than that of region III ͑they are aligned even in the isotropic phase of LC͒.
To see in more detail the influence of interaction term on the order parameters of CNTs and LC we plot in Fig. 6 S CNT and S LC for two different values of the coupling parameter. In Fig. 6͑a͒ , the coupling parameter has the value ␥ =66 N/ m 2 Ͻ ␥ t = 154.6 N / m 2 , while in Fig. 6͑b͒ , the coupling parameter has a more realistic value of ␥ = 6.6 ϫ 10 5 N / m 2 ӷ ␥ t . First, we observe that even for a low value of ␥, the isotropic phase of CNTs at low concentrations is not isotropic but paranematic with some ͑low͒ nonzero degree of orientational order. This pretransitional ordering is due to the fact that the coupling term, which plays the role of an external field, is linear in S CNT . Because in this case ␥ Ͻ ␥ t , the CNTs exhibit a first order paranematic-nematic phase transition and the corresponding orientational order parameter S CNT has a jump at the transition ͓continuous line in Fig.  6͑a͔͒ .
Second, for a large ͑more realistic͒ enough value of interaction parameter, the alignment of CNTs is almost constant as function of volume fraction ͓continuous line in Fig.  6͑b͔͒ with a large degree of orientational order even for very small values of volume fractions. In both cases the degree of the orientational order of CNTs saturates at volume fractions Ն 4D / L, which is in fact still very low because L / D ӷ 1. Third, for a low value of the coupling parameter the value of the order parameter of the nematic phase of LC, S LC is constant with respect to volume fraction ͓dotted line in Fig. 6͑a͔͒ , while for the realistic value of ␥, S LC slightly increases with the volume fraction ͓dotted line in Fig. 6͑b͔͒ . This second result could be the basis of our future study in an other direction, the influence of CNTs on the physical properties of LC. This study is very important in connection with some recent reports 2, 36, 37 that the LC behavior in electro-optic devices such as displays is possibly improved by the presence of a small amount of CNTs.
IV. CONCLUSIONS
In this paper we have examined the phase and structural behavior of a mixture of CNT and nematic LC using a meanfield-type phenomenological model in the strong anchoring regime. In calculations we have considered different values of concentration of nanotubes , temperature , and the CNT-LC coupling strength ␥. Our study was motivated by recent experimental observations indicating that CNTs can be aligned to a relatively high degree of orientational order in a thermotropic LC, significantly more effectively than by using external fields in an isotropic fluid dispersant.
We have considered cases where the nematic director field is either nonsingular or where topological defects are present in the LC medium ͑see the Appendix͒. In these two limits we find f C ϰ −␥S LC 2 S CNT , where ␥ ϰ 1 / D 2 and is independent of L. The effective field experienced by CNTs is given by ␥ eff ϰ ␥S LC 2 , yielding pretransitional ordering for Ͻ t and ␥ Ͻ ␥ t . Above tricritical value of ␥ a gradual variation S CNT appears. In practice one should expect CNTs always to be in the strong-coupling limit, i.e., far above the tricritical point. This means CNTs in the nematic phase of LC are always strongly paranematic.
The model predicts an increase in nematic-isotropic phase transition temperature of LC with the volume fraction of CNTs as well as the presence of a triple point in the phase diagram.
For realistic values of the coupling constant ␥ the degree of ordering of CNTs is enslaved by the properties of the host nematic liquid and can be tuned by varying the CNT volume fraction or the temperature.
Finally, we mention that the model presented ͑based on the Onsager model of nematic ordering͒ does not consider the van der Waals interactions between CNTs. In future work, we intend to study the important influences of these interactions as well as of length and width polydispersities on the ordering of CNTs in nematic fluids. 
APPENDIX: INTERACTIONS BETWEEN NCTS AND LC DISTORTIONS
In the article we derived the form of the CNT and LC coupling originating from distortions around a single CNT particle. In this Appendix we analyze which additional free energy contributions could emerge if LC mediated interactions among CNTs are significant. For demonstration purposes, we set that the anchoring condition is homeotropic, i.e., the LC molecules tend to be oriented perpendicular to a CNT surface area. The anchoring strength is either of moderate strength ͑ = D / d e ϳ 1͒ or strong ͑ ӷ 1͒.
For this purpose we express the elastic LC free energy density as
͑A1͒
We take into account only the most essential terms where k and k 0 are temperature independent elastic constants. We consider only the leading temperature dependent contribution in the representative Frank elastic constant, i. in Eq. ͑10͒. Therefore, the contribution Eq. ͑18͒ roughly renormalizes the latter term.
We further consider the strong anchoring regime. The homeotropic anchoring condition gives rise to topological defects in the LC medium because each separated CNT introduces topological charge of strength one ͑like a hedgehog defect͒. The overall topological charge of the system is conserved and equal to zero ͑for appropriate boundary conditions͒. Therefore, N CNT nanoparticles introduces N CNT defects ͑antihedgehogs͒ within LC if CNT are not in contact. Consequently, the elastic distortions in n ជ are also changed. In diluted samples they enable, in general, rather uniform alignment of n ជ far from CNTs, so that the assumptions in Sec. III are adequate. However, within the cores of topological defects the degree of nematic ordering is strongly suppressed. A typical distortion within the core of volume 4 3 / 3 is roughly of order ٌ͉͗S LC ͉͘ ϳ S LC / , where is the nematic order parameter correlation length. The resulting total elastic free energy penalty from all defects within the system is roughly given by ͗f e ͘V ϳ͑1−͒N CNT ͑2 / 3͒k 0 S LC 2 . Therefore ͗f e ͘ ϳ ͑1 − ͒S LC 2 2k 0 3 CNT , ͑A3͒
which again gives rise to qualitatively same phenomena as the Flory-Huggins-type contribution in Eq. ͑10͒.
